Knowledge of the sensitivity of diagnostic tests for infectious diseases under field conditions can be used to design a surveillance program that increases the effectiveness of the control policy. In this study, the sensitivity of tests for the detection of classical swine fever (CSF) virus (CSFV) under field conditions was estimated without knowledge of the true disease status of the animals tested. During the CSF epidemic of 1997-1998 in The Netherlands, tonsil samples from pigs of CSF suspect farms were collected for laboratory diagnosis of CSF. These specimens were tested in a fluorescence antibody test (FAT1) for the presence of CSFV antigen. When at least 1 specimen in a particular sample series from a farm was positive, this farm was declared CSFV infected. Specimens of that series, either FAT1 negative (98) or FAT1 positive (127), were subsequently tested again (FAT2). After that, a suspension was made of the remaining tissue, and this suspension was evaluated with a virus isolation test. In total, 225 tonsil specimens were examined. A statistical model was formulated, and the sensitivity of the 3 tests and the prevalence of positive specimens in the sample were estimated by the method of maximum likelihood. The sensitivity of the FAT1, the test that was used for confirmation of CSFV infection in a pig herd, was approximately 78% (95% confidence interval [CI] ϭ 62-92%). The effectiveness of the selection process of animals on the farm by the veterinarian was estimated to be 77% (64-87%). The sensitivity of the combination of FAT1 and FAT2 (60%) indicates that at least 5 animals should be selected on a CSF-suspect farm to gain a detection probability for CSFV of 99%.
Prevention of infectious diseases is an important part of modern livestock production. Disease prevention can be achieved in 2 ways: by complete eradication of certain agents (e.g., slaughter of infected animals) and by measures that prevent disease, i.e., clinical symptoms, but do not necessarily prevent infection. Eradication is often the choice when the disease causes severe economic damage and is not endemic in the population. This control strategy is applied for List A diseases of the Office Internationale des Epizootie (OIE), e.g., for foot-and-mouth disease, classical swine fever (CSF), and swine vesicular disease in Western European countries and the USA. Introduction of the pathogens causing these diseases into countries that are free of the disease can have a devastating effect on animal husbandry, as shown by the CSF epidemic in The Netherlands during 1997-1998. 3, 6, 10 In these situations, eradication of the pathogen is preferable, and efforts to control epidemics should focus on the control (of the spread) of the infection. The strategy for List A diseases consists of slaughter of infected herds, supported by other veterinary, legislative, and zoo-san-itary measures as detailed in the OIE manual. The success of this strategy is highly dependent on rapid detection of infected herds. Consequently, the quality of the diagnostic procedure is crucial.
The quality of a test is usually characterized by the sensitivity (fraction of infected individuals that show up as positive in the test) and the specificity (fraction of noninfected individuals that show up as negative in the test). 9 For tests used to detect infectious animal diseases, these parameters are generally determined by use of test panels that include specimens from individuals with a well-known history of infection (e.g., experimental infections). This information is very useful for indicating the test possibilities and for detecting systematic test errors.
However, a test panel cannot be used to determine the sensitivity and specificity of a test under field conditions because the choice of specimens in the panel is subjective, and the specimens are not necessarily representative of the situation found in the field with respect to infection history and frequency. 13 The field population is heterogeneous, which means that the animals from which a specimen is taken differ in disease status (time since infection) or are infected by different field strains. Moreover, the distribution of different specimens within the test panel may affect the test parameters. If the frequency distribution in the panel is changed, the sensitivity and specificity may change.
Consequently, for estimation of the sensitivity and specificity of a test in the target population it is essential that specimen of animals from the field be examined. Because the true disease status of the animals in the field is unknown, it is necessary to develop a statistical method to estimate the sensitivity of a laboratory test without using a ''gold standard.'' In this study, tissue specimens were analyzed with different tests for the detection of CSF Virus (CSFV) antigen. A statistical model was formulated to estimate the sensitivity and specificity of these tests and to determine the true prevalence of CSFV in the sample. Although the true disease status of the animals in the field is unknown, the sensitivities of CSFV tests can be estimated, as was done for the Dutch data from the 1997 CSF epidemic. Knowledge of the sensitivity of CSFV tests under field conditions can be used to design a CSFV surveillance program that might increase the effectiveness of the control policy.
Materials and methods
Diagnostic procedure for CSF. The diagnosis of CSF involves 3 steps: 1) clinical inspection of pigs on a farm, 2) pathologic examination and 3) laboratory testing on blood and tissue specimens. The clinical signs and pathologic changes, however, can vary considerably and are not always specific. 11, 16 A final diagnosis is therefore impossible without virus isolation, identification of viral antigens, or detection of specific antibodies against CSFV by laboratory diagnostic tests.
For the analysis of the diagnostic tests, data from the CSF epidemic in The Netherlands in 1997-1998 were used. The regular procedure during the epidemic was as follows. When a farm was suspected of being infected with CSFV, clinically affected pigs (mainly pigs with fever) were selected by the official veterinarian. These pigs were euthanized at the farm for postmortem examination and were transported to the necropsy laboratory of the Animal Health Service in Boxtel, The Netherlands. Tissue specimens were then collected for laboratory testing. The selection of the animals was mainly based on rectal temperature measurements and experience in recognizing diseased animals. Thus, clinical inspection by the veterinarian was very important for the eventual diagnosis of CSF. The official diagnosis of CSF was based on all available test information: anamnesis, clinical inspection, pathologic examination, and laboratory test results.
Samples. During the 1997-1998 CSF epidemic in The Netherlands, tissues (tonsil, spleen, kidney, and ileum) were collected at the Animal Health Service from pigs euthanized on suspected farms and sent to the National Reference Laboratory (NRL: ID-Lelystad) for laboratory diagnosis of CSF. For each farm, each sample (i.e., series of specimens) consisted of 1-8 specimens of each tissue. After arrival in the laboratory, a unique test number was allocated to each sample. All samples were prepared for the diagnostic tests as described below. The analysis in this study was restricted to the tonsil specimens because most of the material stored were tonsil tissues and because the tonsil is the first tissue in which the virus replicates. After testing in the laboratory during the epidemic, the tonsil specimens were stored at Ϫ70 C. These specimens were either positive or negative in the first test, but all originated from CSFV-positive farms. These specimens were used for further analysis of the sensitivity of the tests.
Laboratory tests. The first antigen detection test that was performed with material from a CSF-suspect pig was the fluorescence antibody test (FAT) in combination with a confirmation test, the immunoperoxidase test (IPT). Cryostat sections (4 m thick, in duplicate) from the tissue samples were fixated in acetone for 10 min and incubated for 0.5 hr with a polyclonal swine anti-pestivirus fluorescein isothiocyanate-conjugated globulin. After washing, the sections were read examined with a fluorescence microscope. 12 Brilliant green fluorescence seen intracellularly was indicative of infection with a pestivirus, CSFV, bovine viral diarrhea virus (BVDV), or border disease virus (BDV).
FAT-positive samples were confirmed with the IPT. The slides for the IPT were prepared for staining as described for the FAT. The slides were incubated at 37 C for 45 min with CSFV-specific horseradish peroxidase-conjugated monoclonal antibodies (MAbs) against CSFV. The slides were rinsed and then incubated for 20 min at room temperature with a chromogen substrate. After washing, the slides were examined with a light microscope. A red intracellular staining of cells was considered evidence of a recent infection with CSFV. The test results were either positive or negative. 17 Another test used for the detection of CSFV was virus isolation (VI). A 10% tonsil suspension was made of the frozen and thawed remainder of all tonsil samples. Samples were tested in 24-well plates a in duplicate. Approximately 300 l of the tissue suspension was added to a well with a monolayer of SK6 cells. After incubation for 1 hr at 37 C in an atmosphere of 5% CO 2 in a humid chamber, wells were washed with Eagle BS solution. Subsequently, 800 l of growing medium was added to each well, and the plates were incubated at 37 C in an atmosphere of 5% CO 2 in a humid chamber. After 4 days, an immunoperoxidase monolayer assay was performed as follows. The monolayers were washed in a 0.15% NaCl solution, dried for 1 hr at 80 C, washed again, incubated for 1 hr with PBS containing 4% horse serum and CSFV-specific horseradish peroxidase-conjugated MAbs, washed, and stained with 3-amino-9-ethylcarbazol and 0.2% H 2 O 2 . The monolayers were then examined microscopically for stained cells. 17, 18 The test results were either positive or negative.
Testing of samples. After arrival of the samples at the reference laboratory, the first test performed on tissue specimens was the FAT1. Based on this test and the IPT, the particular farm was declared CSFV positive. At the start of the epidemic, after testing with the FAT1, the remaining portions of all tonsil specimens (both the FAT1-positive and FAT1-negative specimens) from each farm that was declared CSFV positive were stored at Ϫ70 C. Later in the epidemic, only FAT1-positive tonsils were stored.
The test characteristics were analyzed after the end of the epidemic, 1.5 yr after the first outbreak. Then, a second test (FAT2) was performed on the remaining frozen tonsils. FAT1 and FAT2 were performed with 2 different parts of Table 1 . The results of the first and second fluorescence antibody tests (FAT1 and FAT2, respectively) and the virus isolation test (VI) applied to all tonsil samples collected from pigs during the 1997-1998 CSF epidemic in The Netherlands. The samples were part of a series, either positive or negative with the FAT1, collected from CSFV-positive herds. The herd was declared positive based on the outcome of FAT1 (Ն1 sample of a series was FAT1 positive). the tonsil of the same pig. After FAT2, a tissue suspension was made of the remaining parts of the tonsil for VI. Again, this remaining part of the tonsil was a different part of the tonsil of the same pig. Both FATs and the VI test were carried out independently, and the tonsil of each pig included in this study was tested 3 times: 1) FAT on fresh material (FAT1), 2) FAT on frozen material (FAT2), and 3) VI of a 10% tissue suspension of the remaining tissue of the frozen tonsil. Only a small percentage of all FAT1-negative samples tested during the epidemic could be analyzed further because not all FAT1-negative specimens were stored. In total, 225 tonsils were further analyzed: 98 tonsils that were FAT1 negative and 127 tonsils that were FAT1 positive. These specimens originated from 57 CSFV-positive herds. The specificity of the FAT1 was determined by testing approximately 6,000 tonsils collected during 1999, a CSFfree period.
Statistical analysis. For each sample a separate probability for an animal in that series to be positive was introduced. These probabilities are assumed to be independently sampled from a beta distribution. 7 The mean of that beta distribution is the overall probability for a selected animal to be truly positive, which is a measure of the effectiveness of the selection process. The variance of the beta distribution offers a measure of the variation among samples from farms, a large variance indicating that sizeable differences between probabilities for samples may occur. Conditional independence between tests within samples was assumed.
The mean and variance of the beta distribution and the sensitivities and specificities of the different tests were estimated by the method of maximum likelihood. 1 The likelihood was evaluated by numerical integration and optimized by a modified Newton method. 5 The likelihood was reparameterized in terms of logit transforms of the parameters. This approach improved the numerical stability of the algorithm and offered more accurate confidence intervals based on approximate normality on the logit scale. Confidence intervals (CIs) for the original parameters were obtained by back transformation.
Results
Estimation of sensitivity and specificity of tests. In total, 225 specimens were analyzed. The test results are summarized in Table 1 . The average number of specimens per sample sent to the laboratory during the 1997 epidemic is recorded in Table 2 .
The specificity of the FAT was determined by testing approximately 6,000 tonsil samples from pigs found dead or euthanized because of some disease. These samples were sent to the NRL for screening for CSFV in 1999. Two of these samples were positive for fluorescence in the FAT1 but negative in the confirmation IPT and VI test, indicating a recent infection with BVDV or BDV. The specificity of the FAT1 was estimated to be approximately 99.97%.
Statistical analysis. The estimated specificity of VI (sp3) approaches 1. Because a value close to 1 is highly probable for this test 18 and because it improves the behavior of the algorithms, specificity was fixed at 1. The estimates for the overall probability for selection of a truly positive animal (P), the variance between samples (V), and the remaining sensitivities (se1, se2, se3) and specificities (sp1, sp2) and associated 95% CIs are presented in Table 3 .
Calculation of sample size. Given the sensitivity of the FAT1 and the effectiveness of the selection process (P) and a given sample size (n), the probability of detecting a CSFV-infected herd was calculated (Table  4 ). Given the P ϭ 0.77, se1 ϭ 0.78, then the sensitivity of the combined test se comb ϭ 0.77 ϫ 0.78 ϭ 0.60. The probability of detecting an infected herd is 1 Ϫ (1 Ϫ se comb ) n . Thus, a high probability (99%) can be obtained when a sample of 5 specimens from clinically affected animals is sent for additional laboratory testing when a farm is suspected of harboring CSFV.
Discussion
The sensitivity of the FAT1 for rapid diagnosis of CSFV infections by detection of CSFV antigen in tissues was estimated to be 75% (95% CI ϭ 0.59-0.87). Table 3 . Estimated values and associated 95% confidence intervals (CIs) for the overall probability (P) of selecting a positive animal, the variance (V) between samples for an animal in a sample to be positive and the sensitivities (se1, se2, se3) and specificities (sp1, sp2, sp3) of the fluorescent antibody tests (FAT1, FAT2) and virus isolation (VI), respectively. After preliminary analyses, the specificity of VI was fixed at a value of 1. Moreover, 72% (95% CI ϭ 0.52-0.86) of the specimens selected by the veterinarian on a CSFV-suspect farm were positive for CSFV. In combination with the sensitivity of the FAT, this finding implies that when a farm is suspected of CSFV harboring, the probability of detecting a CSFV-infected herd is more than 95% when 4 or 5 specimens from sick pigs are sent to the laboratory. A higher number of specimens does not contribute to a higher probability.
It is essential for the effectiveness of the slaughter policy that a CSFV-infected herd is depopulated before it has, on average, infected more than 1 other herd. 14 A measure to quantify the spread between herds is the reproduction ratio, R h , which is defined as the average number of secondary cases caused by 1 infectious herd. 2 For an effective control strategy, R h should be reduced to a value of Ͻ1. Because the value of R h is approximated by the product of the number of new infections caused by 1 infectious herd per unit of time and the infectious period, it is obvious that the quality of the diagnostic procedure to detect infected herds is crucial for the control of a CSF epidemic by slaughtering. Accordingly, the quality of the diagnostic tests and procedures is crucial. Knowledge of the sensitivity of CSFV diagnostic tests under field conditions can be used to design a CSF surveillance program that might increase the effectiveness of the slaughter policy.
The sensitivity of the FAT, used for rapid diagnosis of CSFV infections, was estimated to be 75% (0.59, 0.87). The sensitivity of the FAT in the target population was lower than the sensitivity of the test in a selected panel of samples originating from animal experiments (estimated to be 99%) possibly because the tonsil samples collected during the epidemic differed from those of the experimentally infected animals in the time after infection at which they were euthanized for collection of the samples. Moreover, an experimental infection is more standardized and the pigs are often infected with a highly virulent strain, which is usually detectable in the tonsils for a longer time than are strains of a lower virulence (C. Terpstra, personal communication), such as the strain that caused the 1997-1998 epidemic in The Netherlands.
In the statistical analysis, the 3 tests that were evaluated were assumed to be conditionally independent with respect to their test errors. Test dependence can change the theoretical values of sensitivity and specificity of combined tests, as demonstrated previously. 4 With respect to the random test errors, the assumption of independence seems reasonable because the tests were done on randomly selected parts of the tissue sample and all tests were performed on various days by various persons. With respect to possible systematic biologic errors, FAT1 and FAT2 are not independent. The FAT and VI are assumed to be independent, because they are based on different biological principles. However, there might be some dependence because both tests follow a similar time-dependent pattern. 4 The presence of a systematic biologic error in the FAT and the VI test seems unlikely because no such errors have been found in large panels of samples originating from animals with a known history of infection.
Although the diagnostic procedure to detect a CSFV-infected herd always includes a positive result in 1 of the laboratory tests, clinical inspection plays an essential role in this procedure. The veterinarian determines whether and which pigs are to be tested for CSFV. If the veterinarian does not select any pigs or selects pigs that are not infected by CSFV, an infected herd will remain undetected despite the high quality of the laboratory tests. The overall probability for a selected animal to be truly positive (P) is a measure for the effectiveness of the selection process by the veterinarian. In this study, this P was estimated at 72% (95% CI ϭ 0.52-0.86). Although this estimate seems high, the quality of the clinical inspections during the 1997-1998 CSF epidemic in The Netherlands cannot be determined. To make that determination, P must be linked to the average prevalence of CSFV-infected pigs in the herds. Earlier clinical inspections of the herds in this study, at times when no diagnosis was made but when animals were infected as determined by back calculation, 15 must be included in that analysis.
The sensitivity for the VI test was estimated to be 77% (95% CI ϭ 0.53-0.91). In experimental infections, the probability of a positive VI result is higher than the probability of a positive FAT result 8 when both tests are performed on tissue of the same animal. However, based on the comparable estimates of the sensitivity of the VI test and the FATs described here, FAT is preferred to VI for the diagnosis of CSFVinfected herds because VI is very time consuming. The VI test is still valuable for confirmation of a positive FAT (when the IPT is inconclusive) because of the high specificity. In addition, VI may also be valuable as additional tool for testing blood samples. The advantages of VI with blood samples are that more samples can be taken, the animals do not have to be euthanized for sample collection, and the specificity of the test is high. It would be worthwhile to compare FAT with VI on blood by use of paired samples from the same animal. These samples are rarely available, but it might be advisable to collect them during an epidemic.
The specificity of the FAT was estimated using data collected in 1999. In that year, no outbreaks of CSF were recorded in The Netherlands. Based on these data, the specificity of the FAT was estimated to be 99.97%. The question is whether the characteristics of the FAT during an epidemic are the same as those when no outbreaks are recorded. For example, the specificity probably decreases during testing of a series of samples from 1 herd with at least 1 positive sample because the tester may assume that the next sample also will be positive. Conversely, in disease-free periods, the specificity might increase because a case of CSF is not expected. In addition, the sensitivity might also be influenced by such factors. For example, the sensitivity may decrease during the testing of a positive series of samples because finding the last positive sample in a series of positive samples is less important. However, the sensitivity may also increase during the testing of a positive series of samples because of the assumption that a sample is likely to be positive when it is part of a series of positive samples. The position of the FAT1-negative samples in each series of samples was determined. There were no indications that the FAT1-negative samples were mainly found at the beginning or at the end of a series of samples (data not shown).
It is not clear yet whether the available data set is large enough to fit more complicated models. Work is still in progress with models allowing for within-sample correlation and a mixture of beta distributions to model between-sample variation. Also the variables of time and veterinarian have yet to be included in the model. To determine the sensitivity of clinical inspection, more data must be collected on the course of infection for each herd, dates of clinical inspections in the herds, samples collected during these visits, the veterinarian responsible for collection of the samples, and the prevalence of infection in each herd at the moment of clinical diagnosis. This information in combination with the information on the sensitivity and specificity of CSF tests under field conditions and quantitative knowledge of the transmission of CSFV between herds can help herd health monitors design a surveillance program that increases the effectiveness of the eradication policy. Faster detection of an infected herd will reduce the probability of contact herds becoming infected, which will prevent the destruction of many, often healthy, pigs.
